The effect of experimental acidification on mercury methylation, demethylation, and volatilization was examined in surficial sediment samples from a weakly buffered northern Wisconsin lake. All mercury transformations were measured with radioisotopic tracers. Acidification of sediment pH with H2SO4, HCI, or HNO3 significantly decreased 203Hg(II) methylation. Acidification of pH 6.1 (ambient) sediments to pH 4.5 with either H2SO4 or HCI inhibited methylation by over 65%. The decreased methylation was due to the increased hydrogen ion concentration because methylation was not affected by concentrations of Na2SO4 or NaCI equimolar to the amount of acid added. Inhibition of methylation was observed even after prolonged acidification of sediments to pH 5.0 for up to 74 days. Acidification of sediments to pH 5.5, 4.5, and 3.5 with HNO3 resulted in a near complete inhibition of methylation at each pH. Similarly, the addition of equimolar amounts of NaNO3 resulted in a near complete inhibition of methylation, indicating that the inhibition was due to the nitrate ion rather than to the acidity. Demethylation of methyl mercury was not affected by pHs between 8.0 and 4.4, but sharply decreased below pH 4.4. Volatilization of 203Hg(II) from surface sediments was less than 2% of methylation activity and was not significantly different from that in killed sediments. This study indicated that acidification of sediments inhibits mercury methylation and that the observed increase in the mercury burdens in fish from low pH lakes is not due to increased production of methylmercury in sediments.
Interest in mercury cycling has increased recently as a result of to observations of elevated mercury concentrations in fishes from naturally acidic and acidified lakes that lack direct anthropogenic sources of mercury (1, 4, 19, 34, 37) . Lindqvist et al. (19) estimated that 10,000 remote Swedish lakes contain mercury-contaminated fish. Most (>85%) of the total mercury in freshwater fish (14) and algae (30) is in the methylmercury form, indicating that the formation of methylmercury is a key process regulating the mercury content of aquatic biota.
Data on the effect of acidification on mercury methylation in sediments are conflicting. Fagerstrom and Jernelov (10) observed optimum monomethylmercury formation in sediments between pH 7 and 5 and decreased formation of methylmercury at higher pHs. Dimethylmercury was the primary methylated species formed at higher pHs. This early observation led many investigators (4) (5) (6) to assume that increased acidity enhances mercury methylation. However, Baker et al. (2) observed methylation in nutrient-enriched sediments at pH 6.5 and 5.5, but not at pH 4.5 and 3.5, and no difference in methylation activity was observed in Ottawa River sediments between pH 5 and 6 (20) . More recently, Ramlal et al. (24) observed decreased mercury methylation in sediments with decreased pH in the range pH 7 to 4.5.
The amount of methylmercury formed in an aquatic system is a result of the concomitant processes of methylation and demethylation (31) . Ramlal et al. (25) methylation and demethylation in lakes in the Canadian Shield (24, 38) and northern Wisconsin (17) . These studies demonstrate that demethylation is an important factor affecting variations in net methylmercury formation in aquatic habitats.
Less is known about other components of the mercury cycle in aquatic environments, such as volatilization. Although little studied, volatilization could result in significant decreases in the amount of mercury available for methylation. Mercury volatilization may occur by the formation of dimethylmercury or by the reduction of mercuric ion to elemental mercury (Hg0). The formation of dimethylmercury occurs largely at pHs greater than 7 (10), and volatile loss of dimethylmercury would be insignificant at low pHs. The reduction of mercuric ion to volatile Hg0 is the primary mercury-detoxifying mechanism used by mercury-resistant bacteria (28) . These organisms may compose a large portion of the native aquatic bacterial population (21) , suggesting that reductive volatilization may be an important, but overlooked, aspect of mercury cycling in aquatic ecosystems. Mercury volatilization has been observed in freshwater sediments (18, 29) , but the effect of acidification on mercury volatilization and its importance in acidic lakes has not been investigated. The addition of sulfate to lakes may also affect mercury transformations. Sulfate and hydrogen ion concentrations in acid precipitation are closely correlated (13) ; thus, an increase in acid precipitation will result in increased sulfate loading in acidified lakes. The production of hydrogen sulfide by sulfate-reducing bacteria in anaerobic sediments may result in the formation of highly insoluble HgS (Ksr = 4 x 10-53), which is unavailable for methylation (10 Samples were incubated for 24 or 48 h, and the experiment was terminated with the addition of 1.0 ml of 6 N HCI. All assays for methylation, demethylation, and volatilization were set up and incubated by strict anaerobic technique (15) . All assays were incubated at 22 ± 2°C. The optimum temperature for methylation was determined to be about 35°C, but the lower temperature was used to approximate more closely the in situ temperature of the profundal lake sediments (2 to 12°C).
Methylmercury formed during incubation was extracted by the method developed by Furutani and Rudd (11) as modified by Korthals and Winfrey (17) . The Quality assurance. Quality assurance for this study consisted of killed controls, procedural blanks, and standard additions. Killed controls were prepared by autoclaving samples or by adding 6 N HCI, 6 N NaOH, or Formalin prior to the addition of isotope. Procedural blanks were prepared by the addition of radioisotope [213Hg(NO3), or '4CH3HgII to sterile deionized water. The procedural blanks were acidified, and the methylation and demethylation assays were conducted as described above. Methylation and demethylation activities were not detected in killed controls or procedural blanks.
Standard additions for the methylation assay were prepared by adding a known quantity (disintegrations per minute) of 14CH3HgI to acidified samples, and the 14CH3HgI was extracted as described above. The standard additions for the demethylation assay were prepared by adding a known amount (disintegrations per minute) of NaH'4CO0 (New England Nuclear Corp.) to samples prior to acidification. Sample bottles were immediately stoppered and acidified with 2 ml of 6 N HCI. Acidification lowered the pH sufficiently to convert all H14C0-to 14CO . The 14CO, was gassed from the reaction bottles and captured as described above. Extraction efficiencies of the methylation and demethylation assays were essentially 100% (17) .
Reagents were routinely checked for radioactive contamination by scintillation counting. All radioisotope counting was done on a Beckman LS 230 liquid scintillation counter. Counts per minute were corrected for the counter efficiency from previously prepared quench curves by using external standardization, and disintegrations per minute were used in all calculations.
Chemicals and radioisotopes. All chemicals used were reagent grade except for benzene, which was certified grade. Data analyses. All assays were conducted in triplicate and each experiment was repeated at least once to ensure reproducible results. Results of the assays were expressed as the percentage of total added mercury methylated, demethylated, or volatilized. Significant differences between means of data were evaluated by the Student t test when two means were compared. If more than two means were compared, data were analyzed by one-way analysis of variance and Student-Newman-Keuls multiple comparison tests.
RESULTS

Effect of acid and anion addition on mercury methylation.
Acidification of sediments with H2SO4 significantly decreased mercury methylation activity (Fig. 2) . Acidification of sediments to pH 4.5 with H2S04 decreased methylation activity by greater than 65%, and the degree of inhibition was proportional to the sediment pH between pH 3 and 6.4 (ambient). Little effect, however, was observed when adding sulfate (as Na2SO4) equimolar to the amount of sulfate added to each of the acidified samples. The amount of methylation in samples with 0.4 and 6.0 mM sulfate added (corresponding to pH 5.0 and 3.0, respectively) was significantly less than the amount of methylation in sediments without added sulfate. However, this was not observed in replicate sulfate addition experiments.
Methylation activity in sediments acidified to pH 5.0 with H.S04, assayed at 7, 21, 49, and 74 days after acidification, did not increase (Fig. 3) . In contrast, the amount of methylation in acidified sediments decreased significantly the longer the sediments had been acidified, while methylation activity in nonacidified sediments changed little. inhibition of mercury methylation (Fig. 4) . The addition of chloride (as NaCl) equimolar to the amount of chloride added to each of the acidified samples had little effect on methylation. The acidification of sediments with HNO3 resulted in a near complete inhibition of mercury methylation (Fig. 5) . Similarly, the addition of nitrate (as NaNO3) equimolar to the amount of nitrate added to each of the acidified samples resulted in a near complete inhibition of mercury methylation.
Acidification of sediments with HCI resulted in a similar
Our methylation assays and those of other studies (11, 17) were done with 203Hg(NO3)2, and we were initially concerned that the nitrate in the isotope stock solutions might be inhibiting mercury methylation. The addition of 203Hg(NO3)2 to sediments in this study resulted in concentrations of Volatilization of 203Hg(II) in sediments, although detectable, was extremely low compared with the amounts of methylation and demethylation (Fig. 6) . No discernible pH effect was observed, and volatilization was not significantly greater than volatilization in autoclaved or Formalin-or HCI-killed controls.
DISCUSSION
Fagerstrom and Jernelov (10) observed optimum methylmercury formation in sediments at acidic pHs. This study is commonly interpreted as demonstrating that mercury methylation is enhanced in acidified sediments (1, 4, 32, 37) , which would offer an explanation for the elevated concentrations of mercury in fish from low pH lakes. We demonstrated that methylation is inhibited by decreases in pH in mesotrophic lake sediments. Our data, however, do not necessarily conflict with the data of Fagerstrom and Jernelov (10) as they only examined methylmercury formation between pH 5 and 10 and methylation was less at pH 5 than at pH 6.
Our results agree with other recent studies examining the effect of pH on mercury methylation in sediments. Baker et al. (2) observed methylmercury formation from inorganic mercury in sediment enrichments adjusted to pH 5.5 and 6.5, but not in enrichments adjusted to pH 3.5 or 4.5. Ramlal et al. (24) and Furutani et al. (12) observed that acidification of surficial sediments from acidified and nonacidified Canadian Shield lakes resulted in decreased methylation.
When Lake Clara sediments were acidified with H,S04, the major acid in acid precipitation, the inhibition of methylation was due to the increase in hydrogen ion concentration rather than to the added sulfate ion. Sulfate controls (Fig. 2) had little effect on methylation, and a similar inhibition was observed when sediments were acidified with HCI (Fig. 3) . Therefore, the response must have been due to the increased acidity alone and not due to an effect of the sulfate. Acidification of sediments inhibited methylation even after sediments had been acidified for up to 74 days, suggesting that the inhibited populations are not able to recover after extended periods of acidification. In fact, the inhibition of methylation increased with extended incubation, suggesting that the observed inhibition would exist after long-term lake acidification.
Decreased methylation at acidic pH may be a result of several factors. Ramlal et al. (24) observed that acidification of sediments greatly reduced the amount of inorganic mercury in the pore water, presumably due to the formation of insoluble HgS or to an increased availability of mercurybinding sites on sediment particles at low pH. The decreased availability of soluble inorganic mercury could account for the observed decrease in methylation.
Other mercury transformations such as demethylation or volatilization may have also affected the amount of methylmercury formed in lake sediments. The methylation activity measured in our experiments actually represents the net methylation, or the methylation rate minus the rate of demethylation. Thus, the simultaneous measurement of demethylation and methylation is useful in determining the factors regulating net mercury methylation (17, 24, 25) . Korthals and Winfrey (17) recently demonstrated that demethylation of methylmercury readily occurs in Lake Clara sediments and is an important factor regulating the net amount of methylmercury formed in the lake. We observed little change in sediment demethylation between pH 8.0 and 4.5, whereas methylation decreased sharply over this pH range (Fig. 6) . Thus, the relative importance of demethylation compared with methylation was much greater under acidic conditions. Ramlal et al. (24) observed that acidification of sediments below pH 5.0 decreased demethylation, but they also observed that the relative importance of demethylation increased with acidification. These studies indicate that active demethylation at acidic pHs may play an important role in the inhibition of methylation.
Volatilization of mercury would result in less mercury available for methylation and consequently less methylation. Mercury can be volatilized biologically (21) or abiologically (23) . However, the relative importance of this process in aquatic mercury cycling has not been investigated. The rates of volatilization that we observed from Lake Clara sedi- The results of this study and other recent data (12, 24) demonstrate that enhanced methylation activity in lake sediments cannot account for the elevated mercury concentrations observed in fish from low pH lakes. Therefore, other mechanisms such as altered gill permeability in fish (8, 27) or altered partitioning of methylmercury between sediment and water at low pH (20) may account for this correlation. Alternatively, Xun et al. (38) have recently demonstrated that decreased pH in Canadian Shield lakes results in increased methylation in the water column. Methylation activity in the water of lakes is low (11, 17, 38) , and methylation is generally assumed to occur in the sediments (26) . However, water column methylation may play a relatively more important role due to the greater volume of water compared with that of sediments. Thus, mercury methylation in the water column of lakes may be an important, yet often overlooked process regulating the bioavailability of mercury in lakes. Future studies involving the cycling of mercury in the water of lakes are needed if we are to understand fully the factors regulating the biological availability of this toxic compound.
